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ABSTRACT 
 
The GPS tracking loop performance is affected by the ionospheric scintillation particularly at high and near equatorial 
latitudes. Strong scintillation results in loss of lock in tracking loop and may result in no position estimation. In this paper, 
tracking loop performance of phase scintillated signals is analysed using a conventional phase lock loop (PLL), frequency 
locked loop (FLL) assisted PLL (FAP) and FAP using wavelet denoising. It is found from the experimental results that 
wavelet analysis can be an effective method for better understanding the scintillation effects on GPS tracking loop 
performance and can also be used to improve the tracking loop performance.  
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INTRODUCTION 
 
The Global Positioning System (GPS) is a satellite based navigation technology which transmits the signals approximately 
20,000 km away from the surface of the earth. The GPS signals while passing through the earth atmosphere may suffer 
ionospheric scintillation resulting from passing through time varying irregularities. These irregularities are small scale 
electron density fluctuations in the ionosphere which can occur due to geomagnetic storms and increased solar activity [1] 
and may form dense cloud like structures in the ionosphere which can introduce amplitude and/or phase fluctuations in the 
transionospheric signals also termed ionospheric scintillation. The amplitude variations due to scintillation are known as 
amplitude scintillations and quantified by the S4 index (unitless) whereas phase fluctuations are normally referred to as 
phase scintillations and measured by the σϕ index (radians). Amplitude scintillations are more likely to occur at low latitude 
regions [1] whereas phase scintillations are mostly observed at high latitude regions mainly due to auroral phenomena in the 
auroral ovals [2], [3]. Ionospheric scintillation may result in times of reduced signal power due to fading and during strong 
scintillation (maximum fluctuations in the amplitude/phase of the received transionospheric signal) the GPS receiver can 
lose phase lock resulting in no range determination [4].  
 
This paper compares the tracking loop performance of a software GPS receiver using three different tracking methods. The 
first tracking method used is the conventional phase locked loop (PLL) where a 3
rd
 order loop filter is used to track the GPS 
signals. The second method used is the frequency locked loop assisted PLL (FAP) in which the PLL is assisted by the 
frequency locked loop (FLL) to better estimate the phase error. In third method, we used a wavelet denoising technique in 
FAP to improve the tracking performance and to reduce the PLL tracking error. The reason for choosing a software GPS 
receiver is its configurable parameters used in the tracking loop. Studies [5] have shown that reconfigurable parameters used 
in acquisition and tracking sections of a software GPS receiver can be strong candidates for mitigating ionospheric 
scintillation affects.  
 
PHASE LOCKED LOOP TRACKING 
 
Phase locked loop (PLL) is the conventional tracking method used in most of the GPS receivers for signal tracking. In this 
paper, a 3
rd
 order Costas PLL [6] along with an ATAN discriminator is used for signal tracking due its insensitivity towards 
180
o
 phase shifts caused by the navigation data bits. A Costas PLL tracks the carrier frequency of the incoming signal by 
calculating the carrier phase error and a fix is applied to the local oscillator frequency based on this error. A simple block 
diagram of a 3
rd
 order Costas PLL is shown in Fig. 1 where the incoming signal is multiplied with the locally generated  
.  
 
 
 
 
 
  
    
Fig. 1. PLL Tracking Loop Design 
 
carrier signal to produce the in-phase and quadrature signals which are then integrated and dumped to remove the effects of 
high frequency components. The signals are then passed onto the phase discriminator for measuring the carrier phase error 
which after passing through the carrier loop filter, is fed to the numerically controlled oscillator (NCO) to apply the fix to 
the local carrier frequency. 
 
In Fig. 1, IP and QP are the in-phase and quadrature components of the incoming signal which can be given as  
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where A is the signal amplitude, N is the total number of samples, )( R is the autocorrelation function with a code phase 
offset  , )(sin Tfc  is the correlation loss due to residual carrier frequency f , T is the pre-detection integration 
time,  is the phase error and In  and Qn are the in-phase and quadrature noise components respectively treated as 
additive white Gaussian noise. The phase error  is calculated by using the Costas discriminator in (3) and is used due to 
its insensitivity to navigation data bit transitions. 
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The phase error can used to generate the local carrier frequency after passing through the loop filter F(z). In Fig. 1, PLLw is 
the natural frequency which can be related to the loop noise bandwidth Bn as nPLL Bw 274.1 . For the third order loop, the 
values of the loop coefficients PLLa and PLLb are taken from [6] as 1.1 and 2.4 respectively. 
 
FLL-ASSISTED PLL TRACKING  
 
The FLL-assisted PLL (FAP) tracking was first proposed by [7]. The FAP design works on the principle of calculating the 
frequency error using a frequency discriminator which is used to assist the phase locked loop to estimate the phase error for 
local carrier generation. The performance of the FAP is better than the conventional PLL or FLL due to following both the 
frequency and phase of the incoming signal. If there are rapid phase fluctuations due to phase scintillation or deep power 
fades due to amplitude scintillations, the PLL loses lock rapidly compared to the FAP which can switch to pure FLL or PLL 
under strong scintillation conditions and can provide robust signal tracking as shown by [8]. A new in-phase filtering (IPF) 
method using FAP is also proposed by [9] where the author has used smoothing before the discriminators to claim that the  
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Fig. 2. FLL-assisted PLL Tracking Loop Design 
 
performance of the IPF-FAP is better than the PLL and FAP under strong amplitude scintillations. A block diagram of the 
FAP tracking loop using 2
nd
 order FLL and 3
rd
 order PLL is shown in Fig. 2. 
 
In the FAP design, we use a 2
nd
 order FLL with a 3
rd
 PLL loop filter whose coefficient values are taken from [6]. The 
discriminator for the PLL is the same ATAN discriminator but for the FLL we used the following frequency discriminator: 
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The output of the FAP loop filters can be written as  
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FLL-ASSISTED PLL USING WAVELET DENOISING 
 
The wavelet denoising technique uses the wavelet transform for denoising carrier phase measurements. Wavelet denoising 
can be accomplished in three steps. Signal decomposition through the discrete wavelet transform (DWT), denoising using 
soft or hard thresholding and finally signal reconstruction through the inverse discrete wavelet transform (IDWT). 
 
The wavelet transform can be defined as the multiplication of a signal x(t) by the scaled and shifted versions of a function 
)(t  known as a mother wavelet summed over the complete time interval [10]. Mathematically, it can be expressed as  
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The result of (5) are the wavelet coefficients ),(  s which are a function of scale factor s also known as the dilation 
parameter and position factor  also known as translation parameter. The discrete wavelet transform is an efficient way of 
processing signals through wavelet transforming. The discrete version of the wavelet transform is usually implemented 
using the Mallat algorithm also known as the fast wavelet transform (FWT) where a bank of filters are used to compute the 
transform through a set of high and low pass filters for signal decomposition followed by down sampling. In the DWT, the 
mother wavelet [11] can be discretized as  
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where mss 0 , 0 n and m and n are the integer values used to sample )(, tnm . In denoising the GPS tracking loop 
measurements, we used “Symlets8” which are a modified version of the Daubechies Wavelets. The scaling and the wavelet 
functions of “Symlets8” are given in Fig. 3. The reason for choosing Symlet wavelets for denoising is due to their properties 
which preserve the symmetric properties of the signals. 
 
Signal denoising can be accomplished through hard or soft thresholding. The soft thresholding method is usually preferred 
over the hard thresholding method due to its better mathematical properties. In soft thresholding, the coefficients whose 
absolute values are less than the threshold t are first set to zero and then the coefficients with nonzero values shrinks 
towards zero. 
 
Once denoising is done the original signal can be reconstructed from the wavelet coefficients through IDWT where the 
wavelet coefficients are up-sampled and filtered using a series of high and low pass filters. The type of filters used depends 
on the mother wavelet used for signal reconstruction. 
 
A new FAP design using wavelet denoising through post processing is proposed in this paper to improve the tracking loop 
performance and is compared with the PLL and FAP tracking. The concept of the wavelet transform was first used by [12] 
for carrier phase detrending and it is also used by [13] for denoising of carrier phase error. In [13], the author has used 
wavelet denoising after the discriminator in a Costas loop but has not given any statistics about the effects of wavelet 
denoising on reducing the carrier phase error. In our proposed design, we are using the wavelet denoising technique in a 
FLL-assisted PLL in order to separate out the high and low frequency components to better understand the effects of 
scintillation on GPS tracking.  A block diagram of the FAP using wavelet denoising is shown in Fig. 4. 
 
 
            
Fig. 3. Wavelet function and Scaling function of Symlets8  
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Fig. 4. FLL-assisted PLL Tracking Loop Design using Wavelet denoising 
 
EXPERIMENTAL SETUP AND RESULTS 
 
The main problem in observing the effects of scintillation using a GPS software receiver is the availability of raw 
scintillated GPS signals as such signals do not occur all the time nor at all receiver locations. In order to evaluate the 
tracking loop performance under scintillation conditions, a range of single frequency GPS L1(1575.42 MHz) C/A (coarse 
acquisition) coded signals were simulated for different scintillations conditions (medium to strong) using the experimental 
set-up shown in Fig.5. The C/A code is a biphase modulated signal with a null-to-null bandwidth of 2.046MHz. There are 
about 1023 chips in one C/A code period with a chipping rate of 1.023MHz which makes it 1 ms long. These signals were 
then received by the USRP2 N210 RF front end device and stored for post processing. The SPLN (St. Petersburg-Leeds-
Newcastle) trans-ionospheric propagation simulator [14], [15]
 
capable of modeling all the scintillation effects was used to 
simulate the time series of phase and log-amplitude for different scintillation conditions (varying S4 and σϕ index). These 
scintillation parameters were then used in the GSS8000 multi-GNSS constellation Spirent simulator [16] for GPS signal 
generation. For this experimental setup 0.1≤ S4, σϕ ≤ 0.2 is considered as weak scintillation, 0.2< S4, σϕ ≤ 0.6 as moderate 
scintillation and  S4,σϕ > 0.6 as strong scintillation.  
 
The GPS data file generated was 15 minutes long and phase scintillation as high as 0.6 was found in the received data set. 
Tracking was performed on the simulated data set using PLL, FAP and FAP using wavelet denoising. For all the three 
methods we used Bn = 10 Hz bandwidth for the PLL tracking loop while Bn=2 Hz is used for FLL tracking loop. 
 
 
 
 
 
 
 
 
Fig. 5.    Experimental test bed for simulating the GPS L1 signal. 
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It was found that from the start of the tracking until the 9
th
 minute that no loss of lock occurred and the signal was tracked 
successfully. However, we observed a loss of lock after processing these 9 minutes of data as the scintillation was very 
strong between 9 to 10 minutes. The phase tracking error including loss of phase lock for the aforementioned tracking 
methods is shown in Fig. 6 (a). It can be seen from this figure that all the methods suffered from loss of lock for a short time 
duration but that the PLL is more vulnerable to phase variations compared to the FAP and the FAP using wavelet denoising. 
Although the FAP method is considered better than the PLL tracking method but it can be seen from Fig. 6 (a) that both the 
PLL and FAP overestimated the PLL error compared to the wavelet denoising technique which clearly shows an 
improvement in estimating the carrier phase error. The tracked Doppler frequency shift for the three methods is shown in 
Fig. 6 (b). Again both the PLL and the FAP method shown a large Doppler shift in the carrier frequency compared to the 
wavelet denoising technique.  
 
After signal tracking, the navigation data was extracted and the results are shown in Fig. 7. The zoomed in time version of 
the navigation data is shown in Fig. 7 (b) where the effects of phase scintillation can be clearly seen after 9.93 minutes. The 
PLL tracking loop lost the navigation data bits for up to several milliseconds before reacquiring the signal compared to the 
FAP and the wavelet technique which both managed to reacquire the signal faster than the PLL method. Another difference 
between the PLL tracking method compared to the FAP and wavelet denoising methods is the phase reversal after 
reacquisition. In this paper, we used only a few minutes of data. Our next goal is to perform signal tracking using wavelet 
analysis on a large set of data under different scintillation conditions. 
 
CONCLUSION  
 
In this paper we have used a wavelet denoising in the FAP design to improve the performance of the GPS tracking loop. 
Wavelet denoising has been used previously in the detrending process for estimating scintillation parameters and found to 
be very effective in separating the high and low frequency components. In this paper, after applying the wavelet denoising 
in FAP tracking loop design and comparing the results with the conventional PLL and FAP we found that the wavelet 
denoising method gives better performance than the two methods for the data set employed in the comparison and thus it is 
likely that it can be used as an effective tool through post processing to counter the effects of scintillation on GPS tracking 
loop. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.    PLL Error and Doppler frequency estimate for PLL, FAP and FAP using wavelet denoising. (a) PLL Error. (b) 
Doppler Frequency. 
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Fig. 7.    Loss of lock effect on the navigation data bits during scintillation. (a) Tracking for extracting navigation data 
bits. (b) Zoomed in time version of the navigation data loss of lock region. 
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